Enterovirus 71 (EV71) infection has a wide variety of clinical manifestations, from no symptoms to fatal disease. Host immune response may be a determinant of disease severity. We investigated the association of polymorphisms in three pattern recognition receptor (PRR) genes -toll-like receptor 3 (TLR3) (rs3775291), retinoic acid-inducible gene I (RIG-I) (rs10813831) and melanoma differentiation-associated gene 5 (MDA5) (rs1990760)-with the severity of EV71 infection. Polymorphisms of candidate genes in 87 EV71-infected patients and 57 asymptomatic controls were detected. Binary logistic regression analysis revealed statistically significant differences in polymorphism of MDA5 (rs1990760) between patients with severe EV71 infection and asymptomatic controls in an additive model (OR 0.424, 95% CI 0.213-0.845, p 0.015) and a dominant model (OR 0.256, 95% CI 0.103-0.635, p 0.003). Polymorphism of MDA5 (rs1990760) (OR 0.399, 95% CI 0.199-0.798, p 0.009) was found to be associated with the severity of EV71 infection with the analysis of ordinal logistic regression. These results indicated the association between MDA5 (rs1990760) polymorphism and an increased risk of a severe EV71 infection in Chinese children, which offers potential for investigating the innate immune mechanism of EV71 infection and identifying at-risk infants, for whom a preventive strategy may reduce the severity of EV71 infection.
Introduction
Enterovirus 71 (EV71) belongs to human enterovirus species A in the genus Enterovirus, family Picornaviridae. EV71 was first isolated in the USA in 1969 and is the main pathogen in hand, foot and mouth disease (HFMD), a common illness that usually affects children under 10 years old [1] . Since then, EV71 epidemics and aperiodic global outbreaks have been reported (e.g. the 1975 epidemic in Bulgaria, the 1998 pandemic in Taiwan and the 2008 outbreak in Singapore) [2] [3] [4] . A total of 489 073 HFMD cases, including 126 fatal cases, were reported in China in 2008, and EV71 was confirmed to be the major pathogen [5] . The number of reported cases has continued to increase. A total of 1 155 525 patients were reported in 2009; among these, 353 fatal cases were predominantly infections with EV71 in China [6] . In 2012, the Ministry of Health of the People's Republic of China announced a total of 2 198 442 HFMD cases, including 569 fatal cases [7] .
The clinical spectrum of HFMD caused by EV71 in young children varies from asymptomatic (c.71%) to fatal disease (c.0.05%) [8] . The mechanisms of EV71-related disease are unclear. Recently, host genetic factors rather than EV71 itself have become a topic of interest in the study of pathogenesis of EV71-related disease. One study from Taiwan reported that children with meningoencephalitis had a higher frequency of the G/G genotype at position 49 in Exon 1 of the cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) gene compared with those without meningoencephalitis and control cases [8] . A subsequent study showed no association with meningoencephalitis, but another gene, HLA-A33, was correlated with increased susceptibility to EV71 infection [9] . A later study suggests that polymorphisms in interleukin-10 (IL10) and interferon-c (IFNG) are associated with encephalitis during the progression of EV71 infection [10] .
In terms of host factors related to virus infection, the innate immune system is essential for the initial recognition of invading viruses and subsequent activation of adaptive immunity. Viruses initially activate the innate immune system, which recognizes viral components through pattern-recognition receptors (PRRs). When PRRs are activated, interferons (IFNs) and cytokines are produced in response to viral infections. There are two main pathways for the recognition of RNA viruses. Toll-like receptor 3 (TLR3) in the endosome has been shown to recognize viral dsRNA [11] . A second pathway is mediated by cytosolic sensors of dsRNA. The cytoplasmic proteins retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) recognize viral RNA present in the cytoplasm. According to previous studies, TLR3, RIG-I and MDA5 are involved in picornavirus infection [12] [13] [14] . Lei et al. reported that EV71 inhibits type I IFN responses mediated by RIG-I and TLR3 [15, 16] . Whereas recent study suggests that MDA5 plays a crucial role in the innate response to EV71 infection [17] .
Polymorphisms in the genes encoding PRRs are reportedly associated with many diseases. Polymorphism of rs3775291 in TLR3 have been suggested to have associations with increased risk of tick-borne encephalitis virus infection of which the severe symptoms are in the central nervous system, as in EV71 infection [18] . A common non-synonymous single-nucleotide polymorphism (SNP) in RIG-I, rs10813831, was reported that modified the innate immune response of human dendritic cells [19] . A genome-wide association study identified that nonsynonymous SNP rs1990760 in MDA5 increased type 1 diabetes, which involved the enteroviral infection [20] . In this study, we investigated the relationships between these three polymorphisms in PRR genes (TLR3, RIG-I and MDA5) and the severity of EV71 infection to identify potential at-risk infants, for whom a preventive strategy could reduce the severity of EV71 infection.
Materials and Methods

Ethics statement
The use of patient specimens in this study was approved by the Ethics Committee of the National Institute for Viral Disease Prevention and Control, China CDC and Nanjing Children's Hospital. Informed consents were obtained from the parents of each of the enrolled children.
Study cohort
Peripheral EDTA-blood samples were collected from 87 inpatients between August 2010 and August 2011 at Nanjing Children's Hospital (Jiangsu Province, China). EV71 infection in these patients was confirmed by EV71-specific IgM ELISAs. According to the handbook of treatment for HFMD (2010) from the Ministry of Health of the People's Republic of China all of the cases were diagnosed as severe cases of HFMD.
The control group was composed of healthy children who came to Nanjing Children's Hospital for routine health examinations between November 2010 and August 2011. Because the children who do not have EV71-IgG antibodies might not contact the virus, to reduce bias we excluded children who were tested negative for EV71-IgG antibodies. We collected 391 samples from healthy children who were EV71-IgM negative. After excluding 230 children who were EV71-IgG negative, 65 children who failed to contact, nine children who had a history of HFMD or herpangina and 30 children who were more than 6 years old, 57 children who were EV71-IgG positive and who had no history of HFMD were enrolled as asymptomatic controls.
DNA extraction and SNP genotyping
DNA was extracted from peripheral EDTA-blood samples using a QIAamp DNA blood kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Following the amplification of genomic DNA by PCR, genotypes were determined by sequencing. PCR primers were designed separately for each gene using PRIMER PREMIER 5 software or as previously described (Table 1 ) [21] . The reactions were performed at 94°C for 2 min followed by 35 cycles of 30 s at 94°C, 30 s at 55°C and 30 s at 72°C, and finally one cycle of 5 min at 72°C.
Statistical analysis
Chi-squared tests and Student's t-test were used to analyse the demographic data and polymorphism frequencies between groups. Hardy-Weinberg equilibrium was checked for each gene. Associations between the alleles, genotypes and severity of EV71 infection were estimated by calculating OR and 95% CI using multiple logistic regression analyses. Age is an important factor in EV71 infection and disease, and we used age as a factor in the multivariate analysis. First, the association between candidate polymorphisms and the EV71 infection was assessed by binary logistical regression with additive and dominant models. For each model the dependent variable was case-control. The additive model and dominant model were fitted for polymorphisms of TLR3 (rs3775291), RIG-I (rs10813831) and MDA5 (rs1990760) separately. Second, ordinal logistic regression was used to evaluate the independent effect of polymorphisms on the severity of EV71 infection. There were three levels of severity status, such as asymptomatic controls, encephalitis patients and encephalitis patients with other complications. Third, due to the small number of samples, exact logistic regression analysis was used to analyse the association of candidate polymorphisms with the risk of developing severe brainstem encephalitis (BE) using the patients with encephalitis only as control. In all groups, p-values <0.05 were considered to be statistically significant. The above analyses were performed using SPSS software, version 17.0 (SPSS Inc., Chicago, IL, USA) or SAS software (version 9.3; SAS Institute, Cary, NC, USA).
Results
Demographic data, clinical characteristics and Hardy-
Weinberg equilibrium analysis
Based on the clinical manifestation, 87 patients were divided into two groups: 39 patients with encephalitis only (44.8%) and 48 encephalitis patients with other complications (55.2%) including five patients with encephalomyelitis, nine patients with myocardial damage, 20 patients with severe brainstem encephalitis (BE), four patients with pulmonary oedema, one patient with encephalomyelitis and myocardial damage, two patients with encephalomyelitis and BE, one patient with myocardial damage and BE, three patients with encephalomyelitis and pulmonary oedema, two patients with BE and pulmonary oedema and one patient complicated with encephalomyelitis, BE and pulmonary oedema (see Supporting information, Table S1 ).
Among the 87 EV71-infected cases, 65 (74.7%) were male and 22 (25.3%) were female. Similarly, there were 35 (61.4%) males and 22 (38.6%) females in the asymptomatic control group. There were no significant sex differences between the case and control subjects. The median age of the patients was Table S2 ).
The genotypic distributions of the candidate genes between the patients and controls did not differ significantly from the results of Hardy-Weinberg equilibrium (data not shown).
Distribution of allelic variants and genotypes of the candidate genes
The genotypes of three candidate SNPs in cases and controls are shown in Tables S1 and S2. After adjusting for age, a binary logistic regression analysis showed that there were differences in MDA5 (rs1990760) between the patients with severe EV71 infection and asymptomatic controls, under an additive model for the A allele (OR 0.424, 95% CI 0.213-0.845, p 0.015). When comparing the GG and GA/AA genotypes for rs1990760 in patients with EV71 infection and asymptomatic controls, the GG genotype was significantly more frequent in patients with severe EV71 infection than controls (OR 0.256, 95% CI 0.103-0.635, p 0.003) in a dominant model. No significant differences in allele frequencies were observed in other genes between the two groups ( Table 2) .
The associations between polymorphisms of candidate genes and the severity of EV71 infection
We used ordinal logistic regression models to analyse the association between SNPs of candidate genes and severity of EV71 infection (asymptomatic controls, encephalitis patients and encephalitis patients with other complications). The severity of EV71 infection was going to be treated as ordinal under the assumption that the levels of severity status have a natural ordering (low to high), but the distances between adjacent levels are unknown. Associations were found between polymorphism of MDA5 (rs1990760) (OR 0.399, 95% CI 0.199-0.798, p 0.009) and the severity of EV71 infection after adjusting for age ( Table 3) .
The associations between polymorphisms of candidate genes and the risk of developing BE Brainstem encephalitis associated with cardiopulmonary dysfunction is a notable feature in EV71 epidemics in Asia, and is the primary cause of death. Brainstem encephalitis leads to acute heart failure and this complication has a high mortality rate. The mechanism of BE caused by EV71 remains unclear. We explored the association between the three candidate polymorphisms of TLR3, RIG-I and MDA5 and BE. Exact logistic regression was used to value the differences in genotype distributions of candidate SNPs between BE patients and patients with encephalitis only. There was statistical difference observed in polymorphism of RIG-I (rs10813831) (OR 5.278, 95% CI 1.097-34.963, p 0.036) with adjusting for age ( Table 4 ).
Discussion
Although most HFMD cases are self-limiting, EV71 is neurotropic and can directly cause central neurological impairment. The case-fatality rate for HFMD ranges from 0.06 to 0.11%.
Recent studies suggested that host immune responses were related to serious complications in EV71 patients. Clinical studies have also provided clues about the relationship between EV71 pathogenesis and immune responses in patients [22, 23] . The innate immune system is the first line of defence against invading organisms. Sensing of RNA virus infections is carried out by membrane-bound TLRs or the cytoplasmic proteins RIG-I and MDA5. EV71 is a single-stranded RNA virus. Studies suggest that EV71-encoded 3C protease inhibits the RIG-I-mediated IFN regulatory factor 3 activation and cleaves the adaptor protein of TLR3 to inhibit type I IFN production [15, 16] . Recent study reveals MDA5 is an important factor for EV71 RNA-activated type I IFN expression [17] . Which PRR plays the pivotal factor in the EV71 infection is still unclear. Detection of viral components by PRRs activates signalling cascades, leading to the secretion of type I IFNs, proinflammatory cytokines and chemokines. A cytokine storm has been found in EV71-infected patients with serious complications [22, 24] . In our study, we found a significant difference in MDA5 (rs1990760) polymorphism between patients with severe EV71 infection and asymptomatic controls. MDA5 is a DEx (D/H) box helicase that can detect intracellular viral products and recognizes Picornaviridae family members [25] . Upon activation, MDA5 triggers nuclear factor-jB and/or IFN regulatory factor pathways and induces an antiviral IFN-b response. MDA5 is encoded by the gene IFN-induced with helicase C domain 1 (IFIH1) on chromosome 2q24.3. The A allele of MDA5 (rs1990760) encodes an alanine to threonine amino acid substitution at codon 946 in a region that is important for the dimerization of RIG-I-like proteins and may influence its binding to dsRNA. Shigemoto et al. constructed the A946T mutation of MDA5, but found that it affected neither dsRNA binding nor the IFN gene activation [26] . Although a previous study did not find differences in the expression of the protein between its two alleles, the authors proposed that it might act through changes in the tertiary structure of the protein [27] . The mechanism through which the mutation affects the diseases remains unclear. Liu et al. reported that expression of MDA5 was up-regulated in peripheral blood mononuclear cells from carriers of IFIH1 variants [28] . Significant association has been reported between IFIH1 and many autoimmune diseases. A genome-wide association study has identified that MDA5 rs1990760 is associated with susceptibility to type 1 diabetes, which is associated with enteroviral infection [20] . Infection with enteroviruses is more common among newly diagnosed type 1 diabetes patients. Another study also reported that genotypes of MDA5 rs1990760 might modify the frequency of enterovirus RNA in blood [29] . These studies suggest that MDA5 rs1990760 might correlate with enterovirus infection. Our study showed that children with severe EV71 infection had a higher frequency of the GG genotype of MDA5 compared with asymptomatic control subjects. This result indicates that MDA5 rs1990760 may play an important role in the pathogenesis of EV71 infection, which provides new insights into the relationship between MDA5 and EV71 infection.
In our study, we did not find a difference in the distributions of alleles and genotypes between patients with severe EV71 infection and asymptomatic controls for the polymorphisms of TLR3 (rs3775291) and RIG-I (rs10813831). Surprisingly, the statistical difference indicated a polymorphism of RIG-I (rs10813831) between BE patients and encephalitis patients. RIG-I is another cytoplasmic RNA sensor that senses 5 0 -triphosphate single-stranded RNA with poly(U/A) motifs and short dsRNA in cells infected with a variety of RNA viruses. The RIG-I rs10813831 encodes an Arg7Cys amino acid change in the caspase recruitment domain (CARD). CARD is a functional domain of RIG-I that can activate the signalling cascade leading to IFN-b expression. In our study, RIG-I rs10813831 was associated with patients suffering from BE caused by EV71 infection. Previous study suggested that RIG-I initiates inflammatory immune responses by human glial cells following exposure to neurotropic RNA virus and plays an important role in the neuronal cell death associated with acute viral central nervous system infections [30] . However, given the small number of non-brainstem cases and the rarity of the G allele the exact role of RIG-I (rs10813831) and the complication of BE needs to be addressed in a further study.
There were some limitations in our study. No mild cases without complications due to EV71 were enrolled, which is the major limitation of our study, and which is very important in exploring the role of host genetic factors in the severity of disease. In addition, the number of severe cases with different complications was limited, which might hide potentially significant factors and influence the results of the statistical analysis. Because children who do not have EV71-IgG antibodies might not contract the virus, to reduce bias we excluded children from the control group who tested negative for EV71-IgG antibodies, while decreasing the size of control samples.
In summary, we report an association between the rs1990760 polymorphism in MDA5 and EV71 infection in children in eastern China, suggesting that it may be a risk factor for sever symptoms following EV71 infection. Our findings may throw light on elucidating the innate immune mechanism of EV71 infection and identifying at-risk infants. Additional studies, especially with a greater number of cases and molecular biological experiments, should be carried out to elucidate the role of host genetic factors in the pathogenesis of EV71-related disease.
